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ABSTRACT
Work carried out in present investigations has been compiled in the form of thesis entitled, “Stereoselective total synthesis of bioactive substituted piperidines, 1-deoxy-5-hydroxy sphingosine analog and Goniothalesdiol A.” The thesis has been divided in to three chapters.

Chapter I has been divided in to two sections.
Section A deals with the stereoselective synthesis of N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine.
Section B deals with the stereoselective synthesis of (-)-β-Conhydrine.

Chapter II has been divided in to two sections.
Section A deals with the stereoselective synthesis Goniothalesdiol A.
Section B deals with the stereoselective synthesis of 1-deoxy-5-hydroxy sphingosine analog.

Chapter III deals with the resolution of racemic homoserine lactone with immobilized penicillin G acylase and synthesis of 1,4-dideoxyallonojirimycin, 1,4-dideoxymannojirimycin and their enantiomers


Chapter I  :
Section A  : Stereoselective synthesis of N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine
Functionalized piperidines are useful as biologically active agents and several methods have been developed for the synthesis of substituted piperidines in a diastreo- and enantio-selective manner. N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine 1 is an important intermediate from which non-peptidic neurokinin NK1 receptor antagonists 2 and 3 have been prepared (Figure 1). These non-peptidic ligands 2 and 3 are known to exhibit a variety of biological activities including neurogenic inflammation, pain transmission and regulation of the immune response. They have also been implicated in a variety of disorders including migraine, rheumatoid arthritis and pain. Considering the pharmacological importance, various methods have been developed to access compound 1. These include introduction of chiral centres via Sharpless epoxidation and one pot aza witting reaction, Sharpless asymmetric dihydroxylation of silyl enol ether, Sharpless asymmetric amino hydroxylation or Jacobson’s asymmetric epoxidation followed by ring expansion. Although these methods are fairly efficient (e.e.94-99%, yields 65-75%), they require expensive chiral ligands to induce chirality or highly toxic Osmium complexes. Other strategies involve intermediates derived from amino acids such as L-phenylglycine and L-glutamic acid. However, these methods produce the key chiral intermediate in either low yield (58%) or with low diastereoselectivity (90%). Herein, we report a new, far simpler and novel stereoselective synthesis of  N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine 1 starting with naturally occurring, cheaply available D-mannitol possessing the required stereochemistry. Most steps are quite straight forward and high yielding (overall yield 24% from 6 in 10 steps). The required chiral intermediate 13 is obtained as a single syn-diasteromer in the key step through stereoselective chelation controlled Grignard addition reaction on chiral imine .


Figure 1.
The synthesis of  N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine 1 (shown in Scheme 1) commenced from alcohol 6, which was prepared from D-mannitol in 50% overall  yield as per literature procedure. Compound 6 was converted to allylic alcohol 8 in two steps, involving formation of chloride 7 with triphenyl phosphine (TPP) in CCl4 (92%) followed by Na mediated elimination to furnish allylic alcohol 8 (85%). The resulting secondary hydroxyl group was protected as its benzyl ether 9 and then the acetonide group was removed using 90% TFA to afford the corresponding diol 10, in 80% yield which was cleaved with NaIO4 to give aldehyde 11, in 90% yield. This aldehyde was converted to imine 12, in 85% yield using allylamine in the presence of anhydrous MgSO4 and was subsequently reacted with phenylmagnesium bromide in diethylether in ice cold conditions. This Grignard reaction proceeded with excellent stereoselectivity and afforded the corresponding amine 13, in 78% yield as a single diastereomer. The syn-configuration of the amino alcohol derivative 13 was confirmed from the stereochemistry of the final product. Our result is in agreement with that observed by Cativiela et al who have reported high stereoselectivity during Grignard reaction of N-benzylimine derived from 2-O-benzyl-(D)-glyceraldehyde and phenyl and methyl magnesium bromide under similar conditions. The formation of syn product can be explained on the basis of chelation controlled Cram model involving coordination of the O-benzyl lone pair with the metal ion prior to nucleophilic attack (Scheme 2). 
Protection of the amine 13 with (Boc)2O to give 14 followed by ring-closing metathesis (RCM) of  14 using Grubbs’s first generation catalyst, Cl2Ru(=CHPh)(PCy3)2 (5 mol%) in DCM at RT proceeded to give 15 in 92% yield . Saturation of double bond and debenzylation were carried out with H2/Pd-C in EtOH to furnish the target molecule 1, in 93% yield. The physical and spectroscopic data of 1 were in full agreement with those reported in literature.

Scheme 1. Reagents and conditions: (a) cat. H2SO4, acetone, 72%; (b) cat. H2SO4, MeOH, 70%;  (c) (i) NaIO4, 60% CH3CN, 0 0C to rt, 1 h, 90%; (ii) NaBH4, MeOH, 95%; (d) CCl4, TPP, NaHCO3,  reflux 1 h, 92%; (e) Na, dry Et2O, 0 0C to rt, 12 h, 85%; (f) NaH, BnBr, dry DMF, 0 0C to rt, 1 h, 84%; (g) 90% CF3COOH in water, 0 0C, 4 h, 80%; (h) NaIO4, 60% CH3CN, 0 0C to rt, 1 h, 90%; (i) allylamine, anhydrous MgSO4, dry ether, 0 0C to rt, 2 h, 85%; (j) phenyl magnesium bromide, dry ether, 0 0C to rt, 6 h, 78%; (k) (Boc)2O, Et3N, DCM, rt, 1 h, 90%; (l) Grubbs, I, DCM, rt, 12 h, 92%; (m) H2/Pd-C, EtOH, 4 h, 93%.


Scheme 2. Stereoselectivity control during Grignard reaction of imine 12.
In conclusion, we have carried out a highly stereoselective synthesis of N-Boc-(2S,3S)-3-hydroxy-2-phenylpiperidine 1 starting with D-mannitol. Naturally occurring mannitol provides one stereocentre while  stereoselective addition of phenyl Grignard to allyl imine derivative provides the second stereocentre with very high diastereoselectivity. This strategy can be used for making analogues by changing the Grignard reagent. Finally, ring closing metathesis (RCM) provides the required appropriately substituted piperidine ring.

Section B : Stereoselective synthesis of (-)-β-Conhydrine
Biologically active alkaloids containing a 2-(1-hydroxyalkyl)piperidine unit such as 16, 17, 18 and 19  have attracted much attention due to their antiviral and antitumor properties. Several routes for the synthesis of these alkaloids along with their epimers and enantiomers  (Figure 2) have been reported.

       
                                                              Figure 2.
However, the strategies involving diastereoselective NaBH4-mediated reduction of Weinreb amide derived from (S)-phenylglycine or stereoselective addition of diethylzinc to an aldehyde derived from (S)-glutamic acid  produce the key chiral intermediates in low diastereoselectivities (d.e.72%). Herein, we report an efficient stereoselective synthesis of (-)-β-Conhydrine 18, a natural product obtained from seeds and leaves of the poisonous plant Canium maculatum L, employing the strategy of chelation controlled, stereoselective Grignard reaction. 
Our strategy for synthesis of  is shown in Scheme 3.14 (​http:​/​​/​www.sciencedirect.com​/​science?_ob=ArticleURL&_udi=B6THR-4PXDKY6-1&_user=1221252&_coverDate=12%2F24%2F2007&_rdoc=5&_fmt=high&_orig=browse&_srch=doc-info(%23toc%235289%232007%23999369947%23674485%23FLA%23display%23Volume)&_cdi=5289&_sort=d&_docanchor=&_ct=37&_acct=C000052032&_version=1&_urlVersion=0&_userid=1221252&md5=2d28a912eb2b7dc7d761e71427752050" \l "bbib14​) R. Dharanipragada, K. VanHulle, A. Bannister, S. Bear, L. Kennedy and V.J. Hruby, Tetrahedron 48 (1992), pp. 4733–4748. Abstract (​http:​/​​/​www.sciencedirect.com​/​science?_ob=ArticleURL&_udi=B6THR-4325S87-1J&_user=1221252&_coverDate=06%2F05%2F1992&_fmt=abstract&_orig=browse&_cdi=5289&view=c&_acct=C000052032&_version=1&_urlVersion=0&_userid=1221252&md5=ad0ed77f194e227cf4c3509dd8bfc5f1&ref=full​) | PDF (1145 K) (​http:​/​​/​www.sciencedirect.com​/​science?_ob=MiamiImageURL&_imagekey=B6THR-4325S87-1J-5&_cdi=5289&_user=1221252&_check=y&_orig=browse&_coverDate=06%2F05%2F1992&view=c&wchp=dGLbVlW-zSkzV&md5=bd14d2bea19cb83135d0d1c0998a2d84&ie=​/​sdarticle.pdf" \t "newPdfWin​) | View Record in Scopus (​http:​/​​/​www.sciencedirect.com​/​science?_ob=RedirectURL&_method=outwardLink&_partnerName=655&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Frecord.url%3Feid%3D2-s2.0-0026704375%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D4a24db3627d2b4b23239f6746af1415a&_acct=C000052032&_version=1&_userid=1221252&md5=c263a65304b7deb467223f5150e12647" \t "outwardLink​) | Cited By in Scopus (40) (​http:​/​​/​www.sciencedirect.com​/​science?_ob=RedirectURL&_method=outwardLink&_partnerName=656&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fcitedby.url%3Feid%3D2-s2.0-0026704375%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D4a24db3627d2b4b23239f6746af1415a&_acct=C000052032&_version=1&_userid=1221252&md5=376c888e802f7ca86d9e70873c57effe" \t "outwardLink​) (R)-2,3-O-cyclohexylidine glyceraldehyde 20 readily prepared from D-mannitol  was treated with ethyl magnesium bromide in diethyl ether at 0 ºC to yield anti-21 (76%, d.e. 94%). The preferred formation of anti-diastereomer 21  predicted on the basis of Felkin-Anh model is well known. The diastereomers were separated by column chromatography and the hydroxy group of 21 was protected as its benzyl ether 22. The cyclohexylidene protecting group was then removed using 90% trifluoroacetic acid in water and the corresponding diol 23 was cleaved by sodium periodate to give aldehyde 24. Reaction of allylamine with 24 gave the imine 25 which was subjected to Grignard reaction with allylmagnesium bromide in diethyl ether. The reaction proceeds with excellent stereoselectivity and provides the corresponding diallyl amine 26 in 78% yield as a single diastereomer. The formation of the syn-diastereomer 26 during the Grignard reactions can be predicted on the basis of Cram’s chelation model wherein the chelation of O-benzyl lone pair of imine 25 gives the syn-diastereomer 26 (Scheme 4).  

Scheme 3.14 (​http:​/​​/​www.sciencedirect.com​/​science?_ob=ArticleURL&_udi=B6THR-4PXDKY6-1&_user=1221252&_coverDate=12%2F24%2F2007&_rdoc=5&_fmt=high&_orig=browse&_srch=doc-info(%23toc%235289%232007%23999369947%23674485%23FLA%23display%23Volume)&_cdi=5289&_sort=d&_docanchor=&_ct=37&_acct=C000052032&_version=1&_urlVersion=0&_userid=1221252&md5=2d28a912eb2b7dc7d761e71427752050" \l "bbib14​) R. Dharanipragada, K. VanHulle, A. Bannister, S. Bear, L. Kennedy and V.J. Hruby, Tetrahedron 48 (1992), pp. 4733–4748. Abstract (​http:​/​​/​www.sciencedirect.com​/​science?_ob=ArticleURL&_udi=B6THR-4325S87-1J&_user=1221252&_coverDate=06%2F05%2F1992&_fmt=abstract&_orig=browse&_cdi=5289&view=c&_acct=C000052032&_version=1&_urlVersion=0&_userid=1221252&md5=ad0ed77f194e227cf4c3509dd8bfc5f1&ref=full​) | PDF (1145 K) (​http:​/​​/​www.sciencedirect.com​/​science?_ob=MiamiImageURL&_imagekey=B6THR-4325S87-1J-5&_cdi=5289&_user=1221252&_check=y&_orig=browse&_coverDate=06%2F05%2F1992&view=c&wchp=dGLbVlW-zSkzV&md5=bd14d2bea19cb83135d0d1c0998a2d84&ie=​/​sdarticle.pdf" \t "newPdfWin​) | View Record in Scopus (​http:​/​​/​www.sciencedirect.com​/​science?_ob=RedirectURL&_method=outwardLink&_partnerName=655&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Frecord.url%3Feid%3D2-s2.0-0026704375%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D4a24db3627d2b4b23239f6746af1415a&_acct=C000052032&_version=1&_userid=1221252&md5=c263a65304b7deb467223f5150e12647" \t "outwardLink​) | Cited By in Scopus (40) (​http:​/​​/​www.sciencedirect.com​/​science?_ob=RedirectURL&_method=outwardLink&_partnerName=656&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fcitedby.url%3Feid%3D2-s2.0-0026704375%26partnerID%3D10%26rel%3DR3.0.0%26md5%3D4a24db3627d2b4b23239f6746af1415a&_acct=C000052032&_version=1&_userid=1221252&md5=376c888e802f7ca86d9e70873c57effe" \t "outwardLink​) Reagents and conditions: (a) EtMgBr, Et2O, 0 0C, 2 h, 76%; (b) NaH, BnBr, DMF, 0 0C to rt, 1 h, 83%; (c) 90% CF3COOH in water, 0 0C, 2 h, 80%; (d) NaIO4, 60% CH3CN in water, 0 0C to rt, 1 h, 90% (e) allyl amine, anhydrous MgSO4, Et2O 0 0C to rt, 2 h, 85%; (f) allyl magnesium bromide, Et2O, 0 0C to rt, 6 h, 78%; (g) (Boc)2O, Et3N, DCM, rt, 1 h, 90%; (h) Grubbs I, DCM, rt, 12 h, 92%; (i) H2/Pd-C, EtOAc, rt, 4 h, 98%; (k) 85% H3PO4, 0 0C, 4 h, 92%.   
   
Our results are in agreement with those observed by Cativiela  et al who have reported high stereoselectivity during Grignard reaction of N-benzylimine derived from 2-O-benzyl (D)-glyceraldehyde and phenyl magnesium bromide under similar conditions. 


Scheme 4. Stereoselectivity control during Grignard reaction of imine 25.

Protection of the amine with (Boc)2O followed by ring-closing metathesis of 27 using Grubbs,s first generation catalyst, Cl2Ru(=CHPh)(PCy3)2 (5 mol%) in DCM at RT gave 28 in 90% yield. Hydrogenation over Pd-C in EtOAc followed by Boc-deprotection with 85% aquous phosphoric acid gave 18. The physical and spectroscopic  data of 18 were in agreement with the literature data.  
In conclusion we have employed the high stereoselectivity in the Grignard reactions involving D-glyceraldehyde template for  synthesis of (-)-β-Conhydrine. This strategy can be used for making analogues by changing the Grignard reagent. Most of the steps are simple and high yielding and the product is obtained in 22% overall yield.
Chapter II :
Section A  : Stereoselective synthesis of Goniothalesdiol A
The synthesis of substituted tetrahydropyrans is a topic of considerable interest due to the prevalence of these structures in natural products and biologically active compounds. Tetrahydropyrans bearing substituents at the 2,6-positions on the ring are often observed in a large number of biologically important natural products such as zampanolide, leucascandrolide, phorboxazole, ratjadone, lasonolide, misakinolides, scytophycins, sorangicin A, swinholides, and laulimalide. Stereoselective synthesis of 2,6-disubstituted tetrahydropyrans is an important task since the cis- or trans-configuration of the 2,6-substituents on the hydropyran ring can affect the three dimensional molecular shape as well as the biological activity of the natural product. Several strategies have been employed for the synthesis of these tetrahydropyran scaffolds.3 Majority of approaches involve Prins cyclization,  palladium catalyzed cyclization of non-3-ene-2,8-diols, reductive cyclizations of hydroxysulfinyl ketones, hydroxy-epoxide cyclization, and intramolecular conjugate addition.  
Recently, Goniothalesdiol A 30 (Figure 3) isolated from the Goniothalamus sp. has been shown to possess 2,3,4,6-tetrasubstituted pyran ring and only one synthesis based on Sharpless kinetic resolution has been reported. Application of the known synthetic strategies for synthesis of  30 required intermediates to be prepared through a complex set of reactions. Besides, kinetic resolution strategy suffers from the drawback of maximum 50% yield. We have thus devised an alternative route to 30 using (R)-2,3-O-cyclohexylidine glyceraldehydes 20 as a starting chiral template.
				  	
Figure 3.
(R)-2,3-O-cyclohexylidine glyceraldehyde 20 is readily prepared from D-mannitol in multi-gram scale. Compared to the corresponding acetonide, cyclohexylidine glyceraldehyde is stable, and provides appropriate steric hindrance when allylation with allyl bromide is carried out to give anti-homoallylic alcohol 31, almost exclusively (91%, d.e. 94%). The diastereomers are easily separated by column chromatography. To obtain 31 with a free primary alcohol group, 31 was subjected to a series of simple protection and deprotection steps with high yields. The secondary alcohol function was first protected by benzylation obtain 32, the cyclohexylidine protecting group was removed with 90% TFA in water to obtain diol 33, the primary hydroxy group of 33 was selectively protected as a TBDMS ether 34 followed by protection of the resulting secondary alcohol as a benzyl derivative. Treatment of the dibenzyl ether 35 with TBAF in THF afforded the primary alcohol 36 (overall yield 52% from 31). The alcohol 36 was oxidized to aldehyde by Swern oxidation protocol and the crude aldehyde was directly used for Grignard reaction with phenyl magnesium bromide in dry ether at -78 0C. The corresponding anti-alcohol 37 was obtained in 59% yield after column chromatography (Scheme 5).

Scheme 5. Reagents and conditions: (a) Allyl bromide, Zn, aq. NH4Cl, THF, 0 0C, 4 h, 91%; (b) NaH, BnBr, THF, 0 0C to rt, 6 h, 93%; (c) 90% CF3COOH in water, 0 0C, 2 h, 80%; (d) TBDMSCl, imidazole, CH2Cl2,  0 0C to rt, 6 h, 82%; (e) NaH, BnBr, TBAI (cat), THF, 0 0C to rt, 6 h; (f) TBAF, THF, rt, 2 h, 85% (for steps e and f); (g) (i) (COCl)2,DMSO, Et3N, CH2Cl2, -78 0C, 0.5 h; (ii) phenyl magnesium bromide, dry ether, -78 0C, 3 h, 59%; (h) methyl acrylate, Grubbs’s II (5 mol%), DCM, 40 0C, 4 h, 91%; (i) NaH, THF, -20 0C, 1 h, 90%; (j) H2/Pd-C, EtOAc, 4 h, 98%.

Cross-metathesis of 37 with methyl acrylate in DCM using Grubbs’s second generation catalyst (5mol %) gave exclusively trans-38 in 91% yield. Base catalyzed intramolecular oxa-Michael addition reaction gave 39 as a single diastereomer (90%). The reaction apparently proceeds via formation of stable chair conformer. Finally, debenzylation of 39 using Pd-C in EtOAc gave the target molecule 30 (98%) (Scheme 5). The stereochemistry of the substituents on the tetrahydropyran ring was confirmed by comparing the physical and spectroscopic data of 30 with the literature data.
In conclusion, we have developed a simple, convenient and efficient approach for Goniothalesdiol A 30 from D-glyceraldehyde template in 22% overall yield using stereoselective allylation, Grignard reaction, cross-metathesis and base catalyzed intramolecular oxa-Michael addition as key steps.

Section B : Stereoselective synthesis of 1-deoxy-5-hydroxy sphingosine analog
Sphingolipids, the constituents of cell membrane derived from the common base structure of sphingosine 40 (Figure 4) act as important messengers for controlling cell growth, differentiation and apoptosis. The anticancer activity sphingosine 40 and other sphingolipids have been demonstrated both in vitro and in vivo against colon cancer cell lines. However, it was also observed that sphingosine-1-phosphate produced in vivo from sphingosine 40 possessed promitotic and antiapoptotic properties, reducing the efficacy of 40 as an anticancer agent. In order to overcome this problem, Liotta and co-workers developed 1-deoxy-5-hydroxysphingosine analogs 41 in which the primary hydroxy group of sphingosine was moved to C-5 position to maintain lipophilicity while decreasing the possibility of phosphorylation of hydroxyl substituents (Figure 4). The resulting 1-deoxy-5-hydroxysphingosine analog 41 exhibited excellent activity against colon cancer.

				
Figure 4.
To the best of our knowledge, two synthetic methods have been reported to access compound 41. One involves enantioselective preparation of linear homoallylic alcohol from tetradecanal which is subjected to enantioselective epoxidation of the protected alcohol. Regioselective oxacyclization followed by substitution with azide gives the target molecule in 25% overall yield. The second methodology involves Jacobsen’s hydrolytic kinetic resolution of racemic 2-(2-benzyloxyethyl)-oxirane, and Shibasaki’s  asymmetric Henry reaction as key steps. The final product is obtained in 29% yield. Although these methods are fairly efficient, they require expensive chiral ligands to induce chirality and kinetic resolution provides a maximum of 50% product of required stereochemistry. As a part of our ongoing research on synthesis of bioactive molecules,5 Herein, we report a new, far simpler and novel stereoselective synthesis of acetyl protected 1-deoxy-5-hydroxy sphingosine analog 48  starting from 2,3-O-cyclohexylidine glyceraldehyde 20 in 24% overall yield in 11 simple steps.   
(R)-2,3-O-cyclohexylidine glyceraldehyde 20 is readily prepared from D-mannitol in multi-gram scale. Compared to the corresponding acetonide, cyclohexylidine glyceraldehyde is stable, and provides appropriate steric hindrance when allylation with allyl bromide is carried out to give anti-homoallylic alcohol 31, almost exclusively (91%, d.e. 94%). The diastereomers are easily separated by column chromatography. The secondary alcohol function was protected by benzylation obtain 32, the cyclohexylidine protecting group was removed with 90% TFA in water to obtain diol 33. The primary hydroxy group of  33 was converted to methyl group via regioselective tosylation with TsCl/Et3N in presence of catalytic amount of nBu2SnO where the metal provides the regioselectivity followed by reduction with LiAlH4 to obtain 42 in  72 % yield. The free secondary hydroxy group of 42 was then converted to an azide functionality  via Mitsunobu type invertion process (TPP, DIAD and DPPA) to obtain 43 in  82 % yield (Scheme 6). 

Scheme 6. Reagents and conditions: (a) (i) TsCl, Et3N, cat. n-Bu2SnO, DCM, rt, 84%; (ii) LAH, THF, 0 0C to rt, 1h, 86%; (b) TPP, DIAD, DPPA, 0 0C, 45 min, 82%; (c) (i) TPP, MeOH, rt, 12 h; (ii) NaH, BnBr, THF, 0 0C to rt, 6 h, 92%;  (d) (i) OsO4-NaIO4, 2,6-lutidine, dioxane/water, rt, 3 h, 88%; (ii) TiCl4, allyltrimethylsilane, DCM, 3 h at -78 0C and 1 h at rt, 80%; (e) 2,2-DMP, cat. PTSA, DCM, rt, 3 h, 95%; (f) 1-dodecene, Grubbs’s II (10 mol%), DCM, 40 0C, 14 h, 91%; (g) (i) H2/Pd-C, EtOAc, 4 h; (ii) Ac2O, pyridine, rt, 6 h, 92%.

The syn-stereochemistry of 43 was confirmed by convertion of azido functionality of  43 to N-benzyl protected amine compound 44, which was also prepared from diol 33 (Scheme 7). The diol 33 was cleaved with sodium periodate to aldehyde 49 which was then converted to imine 50 in situ by  reaction with of benzylamine and Grignard reaction with methyl magnesium bromide in diethyl ether proceeded with excellent stereoselectivity to provide the corresponding  amine 44 in 78% yield as a single syn-diastereomer. Thus the required syn-stereochemistry of amino alcohol 44 was achieved based on our earlier observation of high stereoselectivity during addition of a Grignard reagent to an imine. The outcome of the Grignard reaction was predicted on the basis of Cram’s chelation model wherein the chelation of O-benzyl lone pair of imine 50 gives the syn-diastereomer 44 (Scheme 8).




Scheme 7. Reagents and conditions:  (a) NaIO4, 60% CH3CN in water, 0 0C to rt, 1 h, 90%              (b) benzyl amine, anhydrous MgSO4, Et2O, 0 0C to rt, 2 h, 85%; (c) methyl magnesium bromide, Et2O, 0 0C to rt, 6 h, 78%.

Scheme 8. Stereoselectivity control during Grignard reaction of imine 50
Oxidative cleavage of the double bond of azido compound 43 under  OsO4-NaIO4 in presence of 2,6-lutidine in dioxane/water gave the corresponding aldehyde which was allylated with TiCl4/allyltrimethylsilane without isolation. We have observed that the strategy of performing allylation at -78 0C for 3 h, bringing the solution to room temperature and continuing stirring for 1 h more, leads directly to debenzylated 1,3-anti isomer 45 in 70 % yield. The anti-stereochemistry of diol 45 was established on the basis of Rychnovsky,s analogy of 13C nmr spectra of corresponding acetonide 46. The acetonide methyl carbons resonate at δ 24.6 and δ 25.2 which are characteristic of acetonide of an anti-1,3-diol moiety. In case of syn-diol, the methyl carbons are expected to resonate at δ 19.7 and δ 30.0. Cross-metathesis11 of compound 45 with 1-dodecene in DCM using Grubbs’s second generation catalyst (10 mol %) gave the olefin 47 in 91% yield. Saturation of double bond and reduction of azide to amine were carried out with H2/Pd-C in EtOAc. The final product was isolated as a stable acetate derivative 48 in 92% yield (Scheme 6).
In conclusion, we have developed  simple, convenient and efficient approach  for 1-deoxy-5-hydroxy sphingosine analog 48 from D-glyceraldehyde template in 24% overall yield by using existing chirality in the molecule in the key steps for stereoselective transformations without employing chiral catalysts.

Chapter III   : Resolution of racemic homoserine lactone with immobilized penicillin G acylase and synthesis of 1,4-Dideoxyallonojirimycin, 1,4-Dideoxymannojirimycin and their Enantiomers

Enantiomerically pure forms of homoserine are important chiral intermediates. D-Homoserine is a useful building block for many pharmaceuticals including nocardicin antibiotics, antifungal peptides, syringotoxin B and syringostatin A, and serine protease inhibitors. Similarly, L-homoserine is a metabolic precursor of L-threonine and L-methionine. An important regulator of various bacteria, excess L-homoserine has an inhibitory effect on the growth of bacteria. N-Aryl L-homoserine lactones exhibit potent antagonistic and agonistic activity against quorum-sensing receptors in Agrobacterium tumefaciens, Pseudomonas aeruginosa, and Vibrio fischeri. Various long chain natural  acyl-homoserine lactones have been isolated. N-methoxycarbonyl-L-homoserine is a precursor for herbicide L-Phosphinothricin.  Considering the importance of enantiomerically pure homoserines, we have carried out resolution of the racemic homoserine lactone with immobilized Penicillin G acylase. The recovered homoserine lactones with e.e.>99% have been used for synthesis of 1,4-dideoxy azasugars. 
2,3,6-Trihydroxy-5-methyl piperidines (1,4-dideoxy azasugars) (Figure 5) have high inhibitory activities against glycosidase enzymes and have the potential for use in a wide range of therapeutic strategies including the treatment of viral infection (HIV), cancer, diabetes, tuberculosis, and lysosomal storage diseases, and as inhibitors of the growth of parasitic protozoa. As a result, the synthesis of polyhydroxylated piperidines and their synthetic analogues has attracted a great deal of attention in recent years. 1,4-dideoxymannojirimycin 51a isolated from Thai medicinal plant Connarus ferrugineu  have been known to exhibit glucosidase and galactosidase activity (Ki 12-15 µM). Other isomers 1,4-dideoxyallonojirimycin 52a, and 1,4-dideoxyaltronojirimycin 53 have also been isolated from the same plant but their biological activity is not reported. Only a few methods have been developed to access 1,4-dideoxy azasugars. While the azasugar 51a has been synthesized from 3-deoxy-D-ribo-hexose using glucose isomerase enzyme,1 and from isoxazolines prepared via Mukaiyama procedure. Azasugar 52a has been synthesized from D-(-)-quinic acid using Luche reduction and SN2 reactions while 53 and 54 were synthesized as triacetetes from L-lysine and L-pipecolinic acid using  electrochemical oxidation method. All these reported procedures are long and tedious. Herein we report the enzymatic resolution of  N-phenylacetyl derivative of racemic homoserine lactone with penicillin G acylase and construction of the unsaturated piperidine  chiral building block tert-butyl 6-((tert-butyldimethylsilyloxy)methyl)-5,6-dihydropyridine-1(2H)-carboxylate 55 from resolved homoserine lactones using Wittig olefination and catalytic ring-closing metathesis (RCM) as key steps. Stereoselective dihydroxylation of 55 leads to the desired 1,4-dideoxy azasugars.


   Figure 5.
Resolution of racemic homoserine lactone with immobilized penicillin G acylase
Racemic homoserine lactone was prepared from butyrolactone, which was converted to N-phenylacetyl homoserine lactone 56 using phenyl acetyl chloride in 4N NaOH. Compound 56 was dissolved in water using aqueous ammonia and pH was adjusted to 7.5. Immobilized penicillin G acylase was added and the reaction mixture was shaken in a conical flask at 80 rpm (25 0C). The reaction was followed by reverse phase HPLC analysis. The reaction virtually stopped at 50% hydrolysis (1 h). The products were separated and treated with methanolic HCl to obtain the cyclic lactones (Scheme 9). 



Scheme 9.
The enantiomeric purity of resolved cyclized products 57 and 58 were determined by chiral HPLC analysis and both were found to have e.e. >99%. 
Synthesis of 1,4-dideoxy azasugars
The synthesis of 1,4-dideoxy azasugars commenced from the resolved products. Phenylacetyl group of (S)-(-)- α-N-phenylacetamido-γ-butyrolactone 57 was removed using 6N HCl under reflux conditions and reduction of lactone was carriedout with lithium aluminum hydride in THF, followed by N-Boc protection in a single-pot reaction gave diol and Acetonide protection by treatment with 2,2-dimethoxy propane gave regioselective product 59a (70% yield over 3 steps). Oxidation of 59a under Swern conditions followed by Wittig olefination furnished compound 60. The acetonide group was removed using CuCl2.2H2O in acetonitrile and the alcohol 61 was silylated (TBDMSCl/imidazole/CH2Cl2/rt) to gave 62 (95%). Allylation of 62 with allyl bromide in DMF gave 63. Ring-closing metathesis (RCM)  with Grubbs’ s first generation catalyst in DCM gave the desired piperidine intermediate 55a in 97% yield. Stereoselective dihydroxylation of the double bond of piperidine 55a with OsO4 gave 64a and 65a in 80:20 ratio (determined on the basis of isolated yields). The two diastereomers were easily separated by column chromatography (configuration was assigned on the basis of the configuration of final product). The formation of major diastereomer 64a is most probably due to steric hindrance by the bulky N-Boc group on the β-face which causing a preferential  approach of OsO4 from the less hindered α-face of the olefin. Deprotection of 64a and 65a with 6N HCl in MeOH, followed by treatment with ion-exchange resin DOWEX 50WX8 gave 52a and 51a respectively in 89% yield. The spectral and physical data were in good agreement with the literature values (Scheme 10). Enzyme inhibitory activities of compounds 52a and 51a are evaluated (see results in table 1)

Scheme 10. Reagents and conditions: (a) (i) 6N HCl, reflux, 4 h; (ii) LAH, THF, reflux, (Boc)2O; (iii) 2,2-DMP, PTSA, DCM, rt, 70% over 3 steps; (b) (i) (COCl)2, DMSO, Et3N, -78 0C, 95%; (ii) CH3 +PPh3I-, KOtBu, THF, 0 0C, 78%; (c) CuCl2.2H2O, CH3CN, rt, 90%; (d) TBDMSCl, imidazole, CH2Cl2, rt, 95%; (e) NaH, allyl bromide, DMF, 0 0C-rt, 92%; (f) 10 mole % of Grubbs’s first generation catalyst, DCM,rt, 12 h, 93%; (g) OsO4, NMO monohydrate, acetone/water (3:1), rt, 12 h, 86%, (h), 6 N HCl, MeOH, rt, 12 h; DOWEX 50 W X8, 89%.

The synthesis of 52b and 51b (enantiomers of 52a and 51a) was performed with (R)-(+)-α-amino-γ-butyrolactone hydrochloride 58. Reduction of lactone was carried out with lithium aluminum hydride in THF, followed by N-Boc protection in a single-pot reaction gave diol and acetonide protection by treatment with 2,2-dimethoxy propane gave regioselective product 59b which was converted to the target molecules 52b and 51b following the reaction sequence similar to that given in scheme 11 (Scheme 11).
 Scheme 11. Reagents and conditions: (a) (i) LAH, THF, reflux, (Boc)2O, DCM; (ii) 2,2-DMP, DCM, rt, 75% over 2 steps; (b) OsO4, NMO monohydrate, acetone/water (3:1), rt, 12 h, 86%, (c), 6 N HCl, MeOH, rt, 12 h; DOWEX 50 W X8, 89%.

The compounds 51a and 52a prepared as above were assayed for their inhibition of β-glucosidase and β-galactosidase enzymes. The results are shown in Table 1.

Table 1: Inhibition of β-Glucosidase and β-galactosidase activity by  compounds 51a and 52a.

Compound	Enzyme	IC50
52a	α-Glucosidase (from baker’s yeast, Type-I)	No inhibition

	β-Glucosidase inhibition (from almonds)	32. 4 µM
	α-Galactosidase from green coffee beans	No inhibition
	β-Galactosidase from Aspergillus oryzae	5.9 mM
51a	α-Glucosidase (from baker’s yeast, Type-I)	No inhibition
	β-Glucosidase inhibition (from almonds)	2.86 mM
	α-Galactosidase from green coffee beans	No inhibition
	β-Galactosidase from Aspergillus oryzae	12.5 mM
Both 51a and 52a are highly specific towards inhibition of β-pyroranosidase activity and do not inhibit the α-pyranosidases. From results in Table 1, it is apparent that the compound 52a is an excellent inhibitor of β-glucosidase activity (IC50 32.4 µM) but its galactosidase activity is relatively low (5.9 mM). Similar trend is observed for the diastereomer 51a but it is less efficient as an enzyme inhibitor. 
In conclusion, we have developed enzymatic resolution of  N-phenylacetyl derivative of racemic homoserine lactone with immobilized penicillin G acylase and a simple, convenient and efficient approach for 1,4-dideoxyallonojirimycin 52a, 1,4-dideoxymannojirimycin 51a and their corresponding  enantiomers 52b and 51b.










